The research involved a detailed analysis of transformations in water relations in the Wieczno Południowe (Wieczno South) lake drainage basin in central Poland, in the physical geographical region of the Chełmno Lakeland. Significant changes were identified in the water relations in the catchment, which were caused by a number of anthropogenic factors. The most significant factors include land development works, changes in land use (a decrease in wetland area in favour of arable land), and the extraction of water from Lake Wieczno South (for irrigation purposes) and the creation of a weir construction on its outflow. It has been shown that in recent years the drainage basin's water resources have been affected by climate fluctuations manifested as an increase in sums of evaporation. As a result of the deterioration of water relations in the catchment, the hydrological type of some lakes (Płużnica, Wieczno North and Wieczno South) have changed, which unexpectedly resulted in an improvement of their water quality. Taking into account the forecasts for further climate change, this factor will probably have a decisive influence on the water relations of the studied area in the coming years.
Introduction
Anthropogenic transformations in the water relations of Polish lake areas began back in the Middle Ages, but until the end of the 17th century this process was relatively slow. As noted by Kaniecki (1997) , even until the 19th century, extensive marshy areas remained, mainly in river valleys and lake gutters, as well as moraine plateaus. Therefore, the quasi-natural state of water relations in Poland is taken to be the pre19th-century situation. Later, large-scale engineering work was carried out on river channels (straightening of channel courses, cutting off of meanders, strengthening of banks), and lake water levels were lowered, wetlands drained, and canals and ditches constructed (Graf 2008) . First, work was carried out in regions with natural conditions favourable to agriculture, i.e. areas with fertile soils and terrain of low gradients. The final major irrigation works were carried out in the years , when more than 30% of Poland's agricultural land was drained (Oleszczuk 2012 ). Significant agricultural benefits of some of the land development works were limited to the initial period only. This relates largely to areas of peat soils, of which about 80% (of 1.2 million ha) were equipped with drainage systems (Okruszko 1993) . For a long time the land development works focused on drainage, which significantly reduced the environment's retention capacity and led to the soil cover drying out (Kędziora 2007) . As a result, water shortages are becoming increasingly marked across ever-larger areas of the country, especially in the belt of Central Polish Lowlands (Kleczkowski and Mikulski 1995) .
From a scientific and practical point of view, analysis of changes in water relations within smaller hydrographic units is particularly interesting. This makes it possible to more thoroughly analyse and document the identified transformations. The work aimed to analyse the transformation of water relations in the drainage basin of Lake Wieczno Południowe (Wieczno South) in central Poland. Due to the availability of source materials, the study was limited to the period from the late nineteenth century to modern times.
Study area
The drainage basin of Lake Wieczno South is located in the centre of the Chełmno Lakeland. Due to its favourable conditions for agricultural development, the region was subjected to anthropic intervention very early, as exemplified by the use of water mills starting in the 13th century (Podgórski 2004) . The study area is part of the Struga Toruńska (Toruń Stream) river basin (Fig. 1) . The total length of the watercourse is 51.3 km, with an average drop of 1.26‰. The total area of the Toruń Stream catchment is 360 km 2 (Mrózek 1984) . The study area also includes the lakes Wieczno Północne (Wieczno North), Płużnica and Wieldządzkie.
The drainage basin is in a relatively flat postglacial plain. Here, the moraine plateau gently rises from south to north, with an increase in elevation from 95 to 120 m a.s.l. (Pius 2015) . Glacial exaration in the area is associated with, among others, terminal depressions, one of which is the basin of the Wieczno North and Wieczno South lakes and their surroundings (Niewiarowski 1959) . One extremely important determinant of the natural river network of the Chełmno Lakeland is glacial channels, whose courses largely determine the flow direction of watercourses. The lakes of the analysed drainage basin are oval and range in area from 43.4 to 199.4 ha (Choiński 2006) . At sufficiently high water levels Płużnica, Wieczno North and Wieczno South lakes are throughflow lakes. They differ in maximum depth, with Wieczno North being four times deeper than the other two (18.3 m according to the Instytut Rybactwa Śródlądowego (Inland Fisheries Institute) in Olsztyn). In the years 1975-1991 (hydrological years 1976-1991) there was a hydrological observation station on Lake Wieczno North, which included measurements of the lake's water level.
Methods and materials
The analysis of the transformation of water relations in the drainage basin was based on sources both primary (data obtained from the author's own in-field measurements) and secondary (mainly cartographic materials relating to various periods). Digitised German topographic maps (Topografische Karten, so-called Meßtischblätters) were appropriately rectified to Poland's National Geodetic Coordinate System 1992 using Fig. 1 . Map of the studied area ArcGIS 9.3 software. Polish 1:10 000 and 1:25 000 topographic maps from geoportal.gov.pl did not require this procedure because they already had a properly assigned reference system. Further work involved vectorising the lake surfaces and shorelines, the hydrographic network and land cover. The results were saved in the shapefile vector format, which allowed them to be used in spatiotemporal analyses and visualisations.
Another important source of information was hydrological data (water levels of the Wieczno North lake) and meteorological data (for 1951-2015) available from the Institute of Meteorology and Water Management -National Research Institute (IMGW PIB), and, for the years 1881-1930, the results of measurements contained in the study "Klimakunde des Deutschen Reiches" (RfW 1939) . Data from Toruń, Grudziądz and Koniczynka Integrated Environmental Monitoring Base Station were used to track changes in the climate conditions of the study area. As noted by Wójcik and Marciniak (1996) , the close location and physiographic homogeneity of the environment mean that the Toruń data correspond very closely to the prevailing conditions in this part of the Chełmno Lakeland.
The work also uses information from bathymetric maps (and attached datasheets) produced by the Inland Fisheries Institute in Olsztyn in the 1950s and 60s (IRS 1958a (IRS , 1958b (IRS , 1958c (IRS , 1964 . The study also uses data from aerial scanning conducted in 2011-2014 under the aegis of the IT System of the Country's Protection Against Extreme Hazards (ISOK). The data were obtained as text files containing XYZ point coordinates in a regular 1-metre mesh, interpolated based on a point cloud from airborne laser scanning (LIDAR). The mean height error is less than 0.2 m (CODGiK 2018) .
In order to obtain up-to-date precise data on the water resources of the catchment area's largest lakes, bathymetric measurements were conducted, and their shorelines were determined. The measurements were taken in early spring and late autumn 2014. The choice of the research period was intended to minimise the impact of vegetation on results. Lake depths were measured with a Garmin 521s echo sounder integrated with the GPS receiver. Lake shorelines were measured by GPS using the differential method while maintaining an RTK (Real Time Kinematic) class-accuracy level. This is the most accurate kinematic technique, accurate to the centimetre and, under favourable conditions, to the millimetre. A Topcon GPS RTK Hyper Pro GPS receiver was used for the measurements.
Results and discussion
The region's climatic conditions have been transformed since the end of the 19th century, which is seen in, among others, an increase in average air temperature. The average annual air temperature in the years 1951-2015 was 0.4°C higher than in 1881-1930 (Table  1 ). The greatest increase in temperature was recorded for the autumn-to-winter months of October, November and December. The average August temperature increased by almost one degree Celsius. Average annual precipitation was 33 mm higher in the years 1951-2015 than in . The sums of precipitation in the summer months (June and July) increased, and there was a slight decrease for the early spring months (March and April) ( Table 1) .
A detailed analysis of selected meteorological parameters from the Toruń station for the last 65 years shows statistically significant changes (at significance level p <0.05) in the majority of them. An upward trend (in the range 0.28-0.32°C per 10 years) was seen in average, minimum and maximum air temperatures. According to Michalska (2011) , the average air temperature in Toruń in the years 1951-2005 increased by 0.27°C per 10 years. This means that in recent years, the increase in air temperature has accelerated. This is confirmed by a detailed analysis of the years 1990-2015, when the average annual air temperature was only below 8.5°C in five years, and above 9°C in nine years. An increase in average annual air temperature was also found at the Koniczynka station, at 0.9°C for the years 1994-2005 relative to the 1960s (Kejna and UsckaKowalkowska 2006) . The main reasons for the increase in air temperature in this area (which also applies to the Bydgoszcz area) include an increase in cyclonic event frequency in the cool half-year and an increased (Fig. 2) . The change in meteorological parameters increased evaporation sums both from water and from particular forms of land use. The average annual evaporation from water for 1966-2015 was over 784 mm, with an upward trend of 0.3 mm per year. Values clearly higher than the long-term average (exceeding 800 mm) occurred 13 times in the years 2000-2015 (Fig. 3) . Among the forms of land use, the highest increase in evaporation was recorded for wetlands (2.7 mm per year) and forests (2.2 mm per year), with slightly smaller increases for meadows and pastures (2.2 mm per year). The smallest increase (1.5 mm per year) concerned evaporation from cereals and root crops.
Land use within the catchment has undergone multi-directional changes over the past 150 years ( Table 2 ). The area of wetlands, lakes and ponds has decreased. At the same time, many new small reservoirs (ponds) have appeared in households across the catchment area. Podgórski and Marszelewski (2004) made similar observations while analysing the entire area of the Chełmno Lakeland. In the catchment area there was a several-fold increase in forest cover, mainly in the immediate vicinity of lakes. Despite this, the value remained very low (7.1%). The study area remained endorheic for a long time. It was not until the beginning of the 19th century that it was included into the outflow system of the Toruń Stream. The drainage basin's main watercourse is the intake from near Lake Wieldządzkie. The sources of the watercourse are located above Lake Wieldządzkie. However, it is only downstream of the lake that the watercourse is permanent, and on the section from Lake Płużnica to the outflow from Lake Wieczno South it's name changes to the Wieczno Canal (Pius 2015) . The catchment's drainage system has been significantly transformed by man, mainly by a dense network of ditches, canals and drainage ditches. In the study area, the most important round of irrigation works took place in the latter half of the 19th century and periodically in the 20th century. In the latter half of the 20th century, the nature of the work changed as it focused on replacing the numerous drainage ditches with a very dense network of submerged drainage pipes of about 60-80 km km -2 . During the works, small areas of wetlands with small water reservoirs that were dispersed across the area were eliminated. In average and wet years, flat depressions in sandy-clayey formations deposited on clay are periodically rich in near-surface groundwaters. Before drainage works, these waters flooded wetlands and arable lands, but after the works they were drained by a dense network of ditches (Celmer et al. 1996) . As indicated by Marszelewski (2005) based on an analysis of German maps, at the beginning of the 20th century there were three isthmuses connecting the lakes Wieczno North and South. Currently, the lakes are connected in one place by an artificial cutting. At a sufficiently high water level, Lake Wieczno South drains into the Toruń Stream via two ditches. One has a gate valve (and an old eel trap), which raised the lake's water level by about 10 cm (Fig. 4) .
In the first half of the 1970s, a bank-type intake and pumping station were built on the western shore of Lake Wieczno South. These facilities constituted an important part of the system of irrigation sprinklers for the cultivated fields of a nearby State farm (a form of socialist land ownership in Poland in the years . According to the available documentation, water was only extracted during the growing season (108 days a year), and the amount of water drawn off was 283.8 dam 3 . Before the sprinkler irrigation system entered into service at the beginning of the 1960s, the water level in the lake was 90.3-90.7 m, as documented in the sprinkler design plans (KPZMiUW 1965) . The calculations and analyses contained therein indicated that the designed sprinklers had no significant potential impact on the water resources of the Lake Wieczno (treating the North and South basins as one). These predictions proved false, as confirmed by the systematic measurements of water levels in Lake Wieczno North since November 1975 . The water level in the lake has decreased to about 90 m a.s.l., with a maximum level in wet years of up to 90.5 m a.s.l. The aforementioned plans did not estimate losses from evaporation, and at the same time the assumed supply from the catchment was overlyoptimistic. The sprinkler system was decommissioned in the early 1990s. In the mid-1970s an attempt was made to set up a second sprinkler system, to be located on the eastern shore of Lake Wieczno North. However, this idea was not positively evaluated due to insufficient water resources in the catchment (KPZMiUW 1974) .
During the study period, the morphometric parameters of the lakes of the catchment underwent a significant transformation. The biggest changes occurred in lakes Płużnica and Wieczno North, as well as Wieczno South. The surface areas of these lakes all fell to a Fig. 4 . Surface waters of Lake Wieczno South catchment with selected objects of water management similar extent (15.7-24.4%), as did their volumes (over 30.5-49.2%) and maximum lengths and widths (over 10.7-18.4%). It should be noted that the drop in volume was from a dozen-or-so to several tens of percentage points higher than the drop in area. In addition, in the Płużnica and Wieczno South lakes, the maximum depth and the mean slope of the lake bottom underwent a similar relative change in size. In Lake Wieczno North, because the characteristics of its bed are different, the maximum depth decreased to a lesser extent, and the mean slope of the bottom increased (Table 3) .
One characteristic feature of the studied group of lakes is their very high exposure index (above 30). In lakes Płużnica and Wieczno South, this is further increased when the water level lowers. Due to the expansive shore zone and shallowly sloping bed, the difference in the water level of the lakes is visible directly in the topography (Fig. 5) .
In the case of Lake Wieldządzkie, the changes in the main morphometric parameters were found to be small. However, the analysis was based only on cartographic materials, and the results are thus difficult to compare with the results from the other lakes.
The results presented in Table 3 significantly differ from the corresponding data from the Inland Fisheries Institute in Olsztyn (Table 4 ). The main reason for this is probably the use of different devices, and thus also the methodology used for taking measurements. In the 1950s, measurements were made in the winter from the ice, using a grid of 50×50-m squares. Measurements were often taken at a higher spatial resolution in places with varied bottom characteristics (IRS 1957) . The elevation given for the water level at which the measurements were conducted in the 1950s also raises doubts. This was checked against a Digital Elevation Model. The result indicated that the given water level elevation was probably not then possible, as the lakes would then have had significantly larger surface areas. Additionally, measurements taken in the field (using GPS) confirmed the results from the model. The decrease in water resources in Lake Płużnica and the lower-lying lakes of Wieczno North and South caused the surface connections between the lakes to disappear. As a result, these lakes have changed hydrological type from throughflow to endorheic. This is similar to the situation described by Piasecki and Marszelewski (2014) for lakes in the Ostrowo-Gopło Canal drainage basin in the Gniezno Lakeland (Poland). The change in the lakes' hydrological type is not without its effect on water quality. The amount of nutrients reaching the lakes has decreased significantly compared to before 1995. The export of phosphorus compounds from the catchment was reduced, mainly as a result of a reduction in phosphate fertiliser doses and the sorting out of water and sewage management in the Płużnica municipality (WIOS 2005) . In the case of Lake Wieczno North, it was significant that the direct connection to Lake Płużnica was broken by the lowering of water level in both lakes. This was important because in the mid-1990s the total phosphorus content in lake Płużnica was at maximum 0.730 mg P dm -3
. Research carried out in 2005 showed a clear improvement in the water quality of Lake Płużnica, and the reason was both the drop in phosphorus load from the catchment and a reduction in re-suspension of phosphorus-rich bottom sediments (WIOS 2005) .
Analysis of the digital model of the lake bed, and of the bathymetric plans created based on them confirmed the existence of a direct connection (several passages) between lakes Wieczno North and Wieczno South, with a water level of 90.7 m a.s.l. At this level there were two islands on the connection between the two reservoirs and two in the north of Lake Wieczno North. A drop in water level of about 1.5 metres joined the islands to the land, and formed new islands. The largest of these was created in the south part of Lake Wieczno South. Upon a further increase in water level, that island's surface could become connected to the shore, creating a peninsula and a shallow bay. In both lakes, lowering the water level caused a change in the course of certain isobaths (Fig. 6 ). Lake Wieczno North Table 4 . Basic morphometric data on lakes based on the data from the Inland Fisheries Institute in Olsztyn (IRS 1958a (IRS , 1958b (IRS , 1958c is decidedly the deepest and has its deepest pool in its central-eastern part. Lake Wieczno South lake is very even in depth and currently does not exceed three metres across almost its entire area. In Lake Płużnica, the drop in water level caused one of the islands to become connected with the shore, forming a peninsula, while the other island doubled in surface area. At the lowest observed water level, depths of close to two metres occur only in the eastern part of the lake. The courses of certain isobaths in the lake have changed significantly (Fig. 7) .
Conclusion
The analysis showed that from the end of the 19th century there have been significant transformations in the water relations of Lake Wieczno South drainage basin. The primary factor driving the progressive transformations has been human activity, and land development works in particular. They have resulted primarily in accelerating the outflow of waters from the catchment. As a consequence, land use has also changed. Mainly, the area of wetlands decreased in favour of arable land. Other anthropic activities in the catchment area have included the creation of a sprinkler system and a weir on the outflow from Lake Wieczno South. It has been shown that the creation of the weir did not protect the water resources of the lakes upstream. This example shows that creating a weir is no guarantee that water relations will be improved or maintained. This observation is very topical, considering the growing popularity in Poland of projects relating to the barraging or ecological restoration of lakes. In addition to the construction of the weir itself, the method of water management in the drainage basin is equally important, including water extraction from lakes. The natural variability in supply to lakesand the resulting necessity to adjust the amount of water extracted -should be borne in mind. In the case of the operation of the sprinkler system fed from Lake Wieczno South, it is likely that no such guidelines were observed. As a result, a systematic decline in water resources was observed in the lake, as well as in the lakes in direct contact with it (lakes Wieczno North and Płużnica), which resulted in a change in their hydrological type. As noted by Choiński (2006) , human activity can disturb the natural water balance in a lake catchment. This equilibrium is disturbed when a certain threshold value, which is particular to each lake, is exceeded, and this may in turn lead to the lake's disappearance. Reversing this process is very difficult or impossible. The Wieczno South, Wieczno North and Płużnica lakes are a perfect example. It has been shown that in recent years the drainage basin's water resources have been affected by climate fluctuations that have been manifested as an increase in sums of evaporation. It seems that this factor will increase in significance in the future, which should be considered an extremely severe threat to the entire aquatic ecosystem of the studied area.
